Magnetic microscopy has played a fundamental role in the study of magnetic behavior such as domain wall motion . Unfortunately, spatiotemporal XMCD requires synchrotron-based sources which limits its wide-spread use.
Magnetic microscopy has played a fundamental role in the study of magnetic behavior such as domain wall motion 9, 10 , skyrmion formation 11 , magnetic switching 12 , and spin wave propagation 13 , spurring interest in the dynamics of nanoscale magnetic features 14, 15 . This motivates a method of spatiotemporal magnetic microscopy capable of measuring picosecond changes in the magnetic moment with spatial resolution of less than 200 nm 7, 8 . . Unfortunately, spatiotemporal XMCD requires synchrotron-based sources which limits its wide-spread use.
To circumvent the spatial limitation imposed by optical diffraction, we propose a new technique for magnetic spatiotemporal microscopy that is based on the interaction between magnetization and heat rather than light. Our method is based on the time-resolved anomalous Nernst effect (TRANE). The geometry for TRANE is depicted in Fig. 1a . The anomalous Nernst effect (ANE) is a magnetization dependent, thermoelectric effect [17] [18] [19] , in which a thermal gradient, transverse to the film's magnetic moment, generates an electric field given by 20 , E x , t N T x , t μ M x , t , where N is the anomalous Nernst coefficient. Previous studies have demonstrated that by confining T x , t to a micron-scale region in a thin-film ferromagnetic metal, an anomalous Nernst voltage is generated that is proportional to the local magnetic moment 21, 22 . This has inspired proposals for applications that include microscopy and spectroscopy [21] [22] [23] [24] , yet, a fully developed spatiotemporal microscope with nanoscale resolution
has not yet been realized. Here, we show that using a pulsed thermal source with a short duty Page 4
cycle from a focused laser, EANE can be localized in both time and space to generate a TRANE signal.
TRANE microscopy is a viable strategy for high spatiotemporal resolution because the ANE interaction time and the electron thermal carrier wavelength are both short in comparison to the scales of magnetic dynamics and the spatial variation of magnetization. Because thermal gradients are not fundamentally limited by optical diffraction, microscopy based on magnetothermal interactions has no fundamental barrier to decreasing the spatial resolution. Therefore, the spatiotemporal resolution of TRANE microscopy is predominantly limited by the generation and evolution of the localized thermal gradient. . The first structure we use to demonstrate TRANE microscopy is a 30 nm cobalt film patterned in 18 µm wide cross-structures. Fig. 1c shows a hysteresis curve of this sample measured using TRANE, which demonstrates the proportionality between VTRANE and the local magnetic moment.
To show that the optically generated thermal gradients are short-lived, we time-resolved VTRANE by mixing it with a short, 75 ps electrical probe pulse. Fig. 1d shows our measurement of VTRANE as a function of electrical pulse delay. These data can be understood as the temporal Page 5 convolution of VTRANE with the electrical probe pulse 25 . We find that the convolution also has a 75 ps width, which we interpret as the upper limit of the thermal gradient's lifetime. As we show with subsequent magnetic resonance experiments, thermal gradients produced in our microscope are actually much shorter-lived.
The sensitivity of TRANE microscopy is dependent on several factors, including the Nernst coefficient, the geometry and the impedance. For the 18 µm cross structure, we calculate the magnetization angle sensitivity to be 0.73 /√
25
. The electrical TRANE signal scales as / for a probe diameter, d, and a channel width, w
21
. For comparison, the signal scaling of magneto-optical microscopy is essentially independent of the device geometry above the optical diffraction limit of ∼ / 2 ∼ 200 nm. It is below this fundamental limit that resolution of far-field magneto-optical microscopy is sharply reduced. In contrast, a TRANE signal collected with a nanoscale probe diameter (<200 nm) can remain large provided that w is also scaled.
Because of its picosecond duration, the TRANE signal is also sensitive to the microwave impedance of the sample, with the strongest signal occurring when the sample impedance matches the 50 Ω impedance of the measurement circuit.
Next we experimentally demonstrate that lateral thermal diffusion does not limit spatial resolution at the scale of a tightly focused laser by imaging the local magnetic moment of the cobalt cross. Scanning the laser across the sample, a map of the magnetization is created (shown in Fig. 2a ) in which, domain walls are visible where the projected moment is zero. For the cobalt films studied here, the domain walls are 150-200 nm wide 26 , which is far below the 440 nm Abbe resolution limit we calculate for our apparatus. We use this fact to evaluate the resolution of our TRANE microscope by fitting spatial line cuts across a magnetic domain wall with a Page 6
convolution of a step function and a Gaussian function of width, 2δ. The fit yields δ =460 ± 90 nm 25 . These results suggest that the main limitation to the spatial resolution is the size of the thermal gradient spot.
To gain a deeper understanding of thermal diffusion in our magnetic thin film samples, we performed time-dependent, finite element simulations of the picosecond heating dynamics.
Using numerical simulations, we show in Fig. 2d that when the laser pulse is at its maximum, the gradient's vertical component of the thermal gradient does not spread laterally beyond the pulsed heat source. Interestingly, our simulations show this statement is true even for nanoscale diameter thermal sources. Although the thermal spot size used in this demonstration is limited by optical diffraction, the thermal gradient diameter could be reduced below the far-field optical diffraction limit using a light-confining plasmon antenna 27, 28 .
We study TRANE's temporal resolution by stroboscopically measuring ferromagnetic resonance (FMR) in Ni20Fe80 (permalloy) wires using the apparatus depicted in Fig. 3a . The wire axis of the sample is aligned parallel to the applied magnetic field. To excite magnetization dynamics, a microwave frequency current is passed through a nearby copper wire to generate an out-of-plane magnetic field on the permalloy. We choose a drive frequency that is commensurate with the laser repetition rate to create a constant phase relationship between the VTRANE measurement of magnetization and the excitation field. Starting with the detection scheme as before, we also modulate the external magnetic field to distinguish VTRANE from other voltages due to inductive coupling between the two wires (see methods).
In sensitivity is 0.093 /√ , which is improved from the cobalt cross sample chiefly because of the reduced sample width that increases the ratio / . By electrically shifting the relative time delay between the microwave magnetic field drive and the laser probe by 50 ps, these data also demonstrate that TRANE microscopy is sensitive to the phase of magnetic precession.
The FMR data are analyzed by fitting to linear combinations of symmetric and antisymmetric Lorentzian functions modified to account for the magnetic field modulation (see SI).
From the fits, we extract a phase difference between the two of 64 of these modes is a capability of TRANE microscopy, their detailed study is beyond this scope of the present demonstration.
As we increase the frequency of the magnetic excitation, we find that (as expected) the FMR resonance field evolves as described by the Kittel equation, , as shown in Fig. 3d . Here, we use Ny = 0.015, and Nz = 0.985, which are determined separately with measurements of the hard axis magnetic saturation. From these fits we find an effective magnetic moment 4πMs = 840 emu/cm 3 and a Gilbert damping parameter, α = 0.009 ± 0.001. The damping in this sample is consistent with separate FMR measurements that we made by electrically monitoring the DC rectification voltage. These results are also in excellent agreement with literature values for permalloy 29, 30 . The consistency Page 8 among our various measurements and prior reports supports the proposal that the local, transient heating of the sample during measurement does not significantly alter its dynamical properties as probed by TRANE microscopy.
To experimentally determine the time scale of the vertical thermal gradient decay, we measure FMR as we increase the stimulation frequency. Assuming that the thermal pulses sample the mean magnetic projection over their duration, observation of FMR at a particular frequency sets an upper limit on the thermal decay time. In the inset to Fig. 3c we plot the FMR spectra at 16.4 GHz, which is the highest frequency that we can produce with our microwave electronics. From these data, we conclude that the thermal gradient decays in under 30 ps. This is supported by our time-dependent finite element modeling (Fig. 3c ) which shows the thermal gradient pulse has a full width at half-maximum of 10 ps for these samples. Therefore, this technique could potentially be extended to measure FMR dynamics up to 50 GHz.
In conclusion, we demonstrated that TRANE microscopy enables a pathway to resolving magnetic dynamics on fundamental length and time scales. We have demonstrated that for the thin film samples studied here, TRANE microscopy has temporal resolution below 30 ps and spatial resolution at the limit of focused light. As a magneto-thermoelectric technique, TRANE microscopy is not subject to the fundamental diffraction limit of spatial resolution that constrains far-field optical methods. Crucially, the numerical simulations indicate that the spatial resolution is only determined by the lateral diameter of the thermal gradient, which we have verified down to a diameter of 50 nm. Applying these capabilities in a table-top imaging platform can enable new access to time-resolved magnetization dynamics which supports the burgeoning field of high-speed magnetoelectronics.
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Methods
Sample Preparation
For measurements of spatial resolution, 30 nm thick cobalt films were deposited by electron beam evaporation onto sapphire substrates. Photolithography and ion milling was used to pattern the films into square crosses as pictured. For the spatial images presented, the cross arms were 18 µm wide. Electrical contact was made by wire bonding to evaporated copper contacts.
The samples used for ferromagnetic resonance measurements were 30 nm thick Ni20Fe80
(permalloy) films deposited by DC magnetron sputtering at a base pressure below 10
Torr. The films were patterned with e-beam lithography and ion milled into wires 2 µm wide and 950 µm long. Evaporated copper contacts 1 µm wide were fabricated to contact the permalloy wire with a range of separations to enable a DC impedance match close to 50 Ω. The contacts chosen for the measurement were 3 µm apart and had a DC resistance of 74 Ω. The wire we used as a microwave antenna to excite magnetization dynamics was fabricated in a lift-off process to be 2 µm wide, 50 µm long, and 102 nm thick. It was positioned 1 µm away from the permalloy wire and had a DC resistance of 48 Ω.
Thermal Gradient Generation
Local thermal gradients were generated by focusing light from a Titanium:Sapphire laser tuned to 794 nm with 3 ps pulses and a fluence at the sample of 2.3 mJ/cm 2 . The repetition rate was controlled with an electro-optic modulator/pulse picker. We used a repetition rate of 76
MHz for measurements of the spatial imaging and 25.33 MHz for the ferromagnetic resonance Page 10
measurements. An optical chopper was used to modulate the optical pulse train at 9.7 kHz. To scan the beam, we used a 4-F optical path in combination with a voice-coil controlled faststeering mirror. The light was focused into a diffraction-limited spot using a 0.90 numerical aperture air objective.
Detection
To detect the TRANE voltage pulses, we connect the voltage contact to a microwave transmission line through a coplanar waveguide soldered to a type-K connector. The signal is passed through a low-pass filter with a 4 GHz break frequency to attenuate GHz frequency artifacts from inductive electrical coupling between the copper antenna and permalloy wire.
After the filter, the signal is amplified by 40 dB with a 0-1 GHz bandwidth. The amplified pulse train is sent to the RF port of an electrical mixer, where it is mixed with a 1.5 ns pulse train from a pulse/pattern generator that is referenced to the laser repetition rate. When the two pulse trains temporally overlap, a voltage modulated by the optical chopper (and, for FMR, the field modulation) is passed to a low-frequency preamplifier before being sent to a lock-in amplifier.
To determine the amplitude of VTRANE prior to amplification and electrical mixing, we calibrated the transfer function of the "collection" circuit by measuring the signal produced by electrically generated reference pulses and systematically varying their widths. We find that our collection circuit transfer coefficient is 0.47 ± 0.04 for a 10 ps signal pulse (see SI). Using this calibration, we measure that the anomalous Nernst coefficient in permalloy is 2.4 0.2 10
, which agrees with a previous report 20 .
2D Imaging
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Imaging the static magnetic moment is performed by measuring the VTRANE along a channel perpendicular to the applied magnetic field so that the maximum signal was obtained during saturation of the magnetic moment. The multi-domain state was prepared by saturating the cross with a 130 Oe field and decreasing the field to 32 Oe. For the data in Fig. 2a , we used a 250 nm step and a lock-in time constant of 500 ms.
FMR Excitation
FMR was excited in the samples using a microwave signal produced by an arbitrary waveform generator (AWG) with a clock referenced to the laser repetition rate. This clock is multiplied up within the AWG to a sampling rate of 19.98 GS/s derived from the 25.3 MHz laser pulse repetition rate. The waveforms from the AWG can be delayed in steps of 50 ps with respect to the laser pulses without re-triggering, allowing resonant behavior of different phases to be observed. For excitation frequencies above 5.7 GHz, the output frequency of the AWG was doubled or quadrupled with electrical frequency multipliers to achieve frequencies up to 16.4 GHz. This excitation signal was then amplified to a power between 13-20 dBm and coupled to the copper stimulation wire.
TRANE detection of FMR
Ferromagnetic resonance was detected by using a second lock-in with dual demodulation.
In this technique, two modulation sources at different frequencies are used. The signal is extracted by first demodulating the input referenced to the optical chopper. The resulting signal is then sent to a second demodulator (time constant of 1 s) that is referenced to a 5-10 Hz modulation of the magnetic field. 
Supplemental Information
Determination of Laser Induced Temperature Change
The increase in local sample temperature due to laser heating can be measured from the resulting increase in local resistance. Using the same detection scheme as depicted in Fig. 1b, we measure the voltage change due to the heating as a function of an applied DC current. The voltage measured is given by ∆ , where is the collection circuit transfer coefficient, is the applied DC current and ∆ is the resistance change due to laser heating. Note that as discussed in a later section, varies for the pulse width. Thus we have different transfer coefficients for the overall temperature and the temperature gradient due to the different decay times. By relating the resistance change to a temperature increase, we can quantitatively determine the heating induced by the laser.
To relate the resistance change to the temperature profile, we first measure the temperature dependence of the 4-terminal sample resistivity. For our permalloy sample in the temperature range of interest, the resistivity is given by a linear temperature dependence given , which corresponds to 30 K increase in temperature.
Finite Element Simulations of Thermal Evolution
Finite element modeling of the thermal gradient evolution was performed using the COMSOL Multiphysics Heat Transfer Module. We consider a single temperature diffusive model in which the laser is treated only as a heat source, rather than considering different the phonon and electrons temperatures. This is justified by the fact that the optically excited electrons are thermalized on time scales comparable to the laser pulse width of 3 ps 2 .
The spatiotemporal evolution of the thermal gradient in our system is calculated numerically with the Fourier diffusion equation using the material parameters given in Table S1 .
The heat source , , is given by, ,
where, δx and δy are the Gaussian widths in the x and y direction of the laser spot (440 nm), d is the skin depth (12nm), Qo is the incident peak power of a single pulse (2.19 W), and τ is the pulse Gaussian temporal width of the 3 ps pulse. The results of the simulations yield spatiotemporal profiles of the temperature and thermal gradient shown in Fig. S2 . To apply the simulation for quantitative analysis we need a sample specific scaling factor determined experimentally (See supplemental sections 1 and 6). For the permalloy samples presented in this letter the scaling factor was found to be 0.47 ± 0.04.
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The resulting analytical equation is then used to fit the resonance data obtained with TRANE to quantify the values of the linewidth, amplitude, phase, and center frequency. We note that the modification to the Lorentzian shape does not add free parameters to the fitting function because the modulation amplitude is a known value. The modulation does impact the uncertainty and it reduces the overall signal amplitude, but at the benefit of increased angular sensitivity. 
Sensitivity
The sensitivity is calculated using the field-dependent magnetization measurements shown in Fig. 1c 
Collection Circuit Transfer Coefficient
To determine the transfer coefficient of the collection circuit depicted in Fig. 1b and Fig.   3a in the main text, we measure the collection voltage from a calibration pulse. Numerical simulations suggests the voltage pulse from TRANE has a width of 10 ps. With the electronics available, we cannot create a 10 ps pulse to directly measure the transfer coefficient. Instead, we extrapolate it through measuring the gain of square pulses of wider widths. 
